Objective: To compare the 30-day readmission predictive power of in-hospital walking activity and in-hospital activities of daily living (ADLs) in older acutely ill patients. In addition, we sought to identify preliminary walking thresholds that could support the targeting of interventions aimed at minimizing rehospitalizations. Design: Prospective, observational clinical cohort study.
ª 2016 by the American Congress of Rehabilitation Medicine Almost half of hospitalized adults are 65 years or older. 1 Of these, 1 in 5 is readmitted within 30 days of discharge. 2 Attention directed toward reducing unplanned hospital readmissions has increased substantially since the introduction of the Patient Protection and Affordable Care Act (Public Law 111-148). 3 The act created the Hospital Readmission Reduction Program, which links hospital performance evaluations to 30-day readmission measures. Medicare payments to hospitals are reduced if their 30-day readmission rates are higher than expected for select diagnoses. 2, 4 Important to the implementation of programs designed to prevent or reduce avoidable readmissions is to accurately predict which individuals would benefit the most. 5, 6 Currently available readmission prediction models have poor predictive ability at the patient level. 7 A systematic review by Kansagara et al 7 suggested the addition of functional variables may improve a model's overall performance. However, the scope of function-related variables reported in the literature to help Supported in part by the National Institutes of Health (grant nos. R01 AG031178, P30 AG024832, R01 HD069443, R24 HD065702, and K12 HD055929) and the National Institute on Disability, Independent Living and Rehabilitation Research (grant no. 90IF0071).
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identify individuals at higher risk for early readmission is actually quite narrow. "Function" in these predictive models is typically limited to multi-item Likert scales of activities of daily living (ADLs) that are based on self-or surrogate-reported difficulty with behaviors such as grooming, bathing, eating, toileting, transferring, stooping, or walking. 7 A changing health status over the course of hospitalization and an unfamiliar environment could influence their predictive power for some postdischarge events.
Recent research suggests that more objective assessments of physical functioning during acute hospitalization may better integrate the effects of disparate factors and provide insight into the older patient's vulnerability and response to treatment. [8] [9] [10] In this context, accelerometry-derived measures of physical activity are unique in their ability to continuously monitor the cumulative effects of complex patient, clinical, and psychosocial factors. Walking during acute illness requires the coordinated effort of multiple biologic systems already under stress. [11] [12] [13] Metrics such as amount of walking may reflect the illness severity as well as the influence of factors that are inherently difficult to measure but may still impact recovery, such as preclinical depression and/or motivation. For example, quantitative gait dysfunction has been linked with depressive symptoms in the absence of major depression or dementia 14 ; conversely, highly motivated older persons demonstrate faster walking times and better recovery after hospitalization. 15 For this research, we studied older adults during acute hospitalization for a medical-related illness. Our objectives were 2-fold. First, we compared the predictive power of accelerometry-derived walking activity and a measure of ADL function on risk of 30-day readmission. Second, we examined potential walking activity thresholds that could be used to support clinical decision making and the delivery of resource-intensive interventions to reduce unplanned rehospitalizations.
Methods

Study population
We studied patients admitted to a university teaching hospital. Eligible subjects were at least 65 years old; reported they were able to walk across a small room with or without an assistive device 2 weeks before hospitalization; were admitted from the community; resided in the county of the index hospital; were cognitively able to provide their own informed consent; had no medical contraindication to wearing a loose-fitting strap on 1 ankle (for the accelerometer [see later]); and were admitted for the following medical diagnoses: cardiovascular, pulmonary, infection, gastrointestinal, or endocrine. Patients with musculoskeletal or neurologic-related conditions were excluded. Patients also had to have an anticipated length of stay of at least 48 hours and be able to enroll in the study on the day of admission. One-hundred ninety-nine subjects met these inclusion criteria during the active study months from 2010 and 2011 and agreed to participate. Of these, 35 were discharged within 48 hours of admission, withdrew, or the accelerometer was removed and not put back on. The final cohort included 164 patients with complete admission to discharge and 30-day follow-up data. The study was approved by the university's institutional review board.
Independent measures
Walking activity was defined as the number of steps taken during consecutive, complete 24-hour hospital days (ie, midnight to midnight). To capture average daily activity over the hospital course, a mean daily steps variable was calculated for each participant. Total steps for each 24-hour day were summed and divided by the number of days. The half days representing the hours between placement of the monitor on the day of admission and midnight of that same day and the hours between midnight of the day preceding the day of discharge and the time of discharge were not included in the calculations.
A dual-axis ankle-worn accelerometer (Orthocare Innovations StepWatch Activity Monitor a ) was used for the study. This accelerometer has been validated for use in clinical populations. 16, 17 The number of steps are recorded in 1-minute intervals per 24-hour day; it does not record leg movements when the individual is lying down (ie, off-axis accelerations are not registered) 18 and provides no feedback to the wearer. We have previously quantified common hospital walking activities using this device. 18 The monitor was put on the day of admission after informed consent and only removed during bathing or medical tests/ procedures in which it may have interfered. Research staff checked on all study participants during the day and evening hours to ensure the accelerometer was being worn, to make sure it was being worn correctly, and to answer any questions the patient or family may have had. Discharge status was monitored continually via the electronic health record (EHR) and brief daily contact with the patient and nursing staff. Multiple levels of communication with hospital staff (eg, chart notifications, in-room flyers, and attendance at day and night shift nursing department meetings) were also part of the compliance protocol.
We used the Katz ADL scale as the measure of ADL function. 19 Level of difficulty or dependency with bathing, toileting, transferring from bed to chair, walking across a small room, personal grooming, dressing, and eating was assessed within 48 hours of admission. Patients were also asked to report on their status across these same items 2 weeks before hospitalization. For analytic purposes, the scale was dichotomized (0Zno reported difficulty and 1Zany reported difficulty or dependency).
Demographic and clinical variables with known associations with early readmission were extracted from the EHR. These included age, sex, race/ethnicity, body mass index (weight in kilograms/height in meters squared), marital status (yes vs no), and the Charlson Comorbidity Index. 20, 21 The Charlson is a measure of the burden of chronic illness and encompasses 19 medical conditions weighted 1e6 with total scores ranging from 0 to 37. Reason for admission was determined at admission via the EHR. Length of hospital stay (in days), discharge destination (home, skilled nursing facility, rehabilitation center, or other), and the number of prescribed medications were obtained at discharge. Number of medications was dichotomized according to the following criteria for polypharmacy: 4 medications and !5 medications. 22 
List of abbreviations:
ADL activities of daily living AUC area under the curve CI confidence interval EHR electronic health record OR odds ratio ROC receiver operating characteristic Outcome measure Our outcome was readmission back to the index hospital within 30 days of discharge. Hospital records where the study was conducted were reviewed at >30 days after discharge. A hospitalization that occurred within that time window was recorded. Elective admissions such as scheduled procedures were excluded.
Statistical analysis
Means AE standard deviations and percentages were calculated for subject demographic and clinical variables. Median (with interquartile range) was used as the measure of central tendency for the step data. We stratified subjects by readmission status (yes vs no). Chi-square and Fisher exact tests were used to determine if distributions of categorical variables differed significantly between those who were and were not readmitted; t tests and the Man-Whitney U test were used to test for group differences on continuous variables.
We computed 3 multivariable logistic regression models to compare the relative effects of ambulatory activity (steps) and ADL disability on 30-day readmission while controlling for basic demographic (age and sex) characteristics. Steps and ADL disability were included in separate models and then together in the third model. Because the step data were continuous individual step counts, odds ratios (ORs) and 95% confidence intervals (CIs) were calculated on 100-step intervals. Next, we repeated the process while controlling for additional demographic and clinical characteristics previously reported to be associated with 30-day readmission. The area under the curve (AUC or c-statistic) from each logistic regression model was used as a measure of predictive accuracy for 30-day readmission. The AUC can range from 0.5 (no discrimination) to 1.0 (perfect discrimination). 23 A receiver operating characteristic (ROC) curve was produced for mean daily steps. Two different approaches were used to identify initial cut points that could be considered for mobilitybased interventions to increase the amount of walking in hospital: the closest to (0,1) approach and the Youden index. The closest to (0,1) approach identifies the point on the ROC curve that is closest to perfect discrimination (ie, 0 or 1 on the figure axes). The Youden index approach identifies the point on the ROC curve that is furthest from chance discrimination (ie, largest vertical distance from the diagonal line). 23, 24 Because the Youden index is probably most useful where sensitivity and specificity are equally important, test diagnostics (sensitivity, specificity, positive predictive value, and negative predictive value) were also calculated for 100-step intervals above and below that threshold. Higher specificity was of interest to us to help rule out those patients likely not at risk for readmission. For this study, sensitivity was defined as the percentage of patients who were readmitted with mean daily steps at or below the threshold (a positive test result); specificity was defined as the percentage of patients who were not readmitted with mean daily steps above the threshold (a negative test result). Testing was 2-sided for all models using P<.05. All analyses were performed using SAS version 9.2 b and SPSS version 22 statistical software.
c Results Table 1 shows demographic and clinical characteristics for the entire sample stratified by 30-day readmission status. The overall mean age was 76.2AE7.0 years. The majority (70.7%) were women. Most were white (69.5%) and nonmarried (58.5%) and reported no limitations in ADLs 2 weeks before admission (80.4%). Cardiovascular conditions were the most frequent (37.2%) reason for admission, whereas infection was the least frequent (11.5%). Approximately 20% of patients were discharged with at least 5 medications. The mean length of stay was 5.2AE4.2 days. A large majority (87.7%) were discharged home.
Twenty-six patients (15.8%) had an unscheduled readmission back to the index hospital within 30 days of discharge. Readmitted patients were significantly older on average than patients who were not readmitted (79.2AE7.9y vs 75.6AE6.6y, PZ.01). Patients who Table 2 shows the results of the logistic regression models. The first series of models shows steps, in-hospital ADLs, and the relative effects of the combination of in-hospital walking and ADLs on readmission status while adjusting for age and sex. There was a significant association between mean daily steps and readmission (ORZ0.89; 95% CI, 0.82e0.98); the odds of readmission decreased by approximately 10% with each 100-step increase in mean daily steps. The ORs for age and sex were 1.06 (95% CI, 0.99e1.12) and 0.47 (95% CI, 0.15e1.40), respectively. The association between ADL and readmission was also significant (ORZ2.69; 95% CI, 1.11e6.55). The ORs for age and sex in the ADL model were 1.06 (95% CI, 1.00e1.13) and 0.54 (95% CI, 0.17e1.47), respectively. In the combined steps and ADL model, only mean daily steps was significantly associated with 30-day readmission. The second series of models show the results for steps and ADL after adjustment for known readmission risk factors. Walking was the only variable significantly associated with 30-day readmission in the fully adjusted models. In both series, the AUC was highest for models that included the steps variable and changed little with the addition of ADLs.
The ROC curve assessing daily steps to 30-day readmission is shown in figure 1 . The AUC was 0.71, which suggests mean daily steps is a moderate to good predictor for classifying patients by readmission status. 24 The closest to (0,1) approach and the Youden Index method both produced a cut point of 475 mean daily steps. This value yielded a roughly equal balance between sensitivity and specificity. Test diagnostics for the two 100-step intervals above and 2 below that threshold are shown in table 3. Specificity ranged from 78% to 49%, with lower step activity yielding higher specificity. At 275 mean daily steps, a positive test (ie, averaging less than 275 steps) indicates that 16% of cases who were readmitted walked more than this value (ie, false positives); the high negative predictive value indicates that 88% of patients who had a negative test (averaged more than 275 steps) were not readmitted.
Discussion
This study compared the readmission predictive power of accelerometry-derived walking activity and a commonly used measure of ADL function. For this sample, how much patients got up and moved around during their hospital stay was more strongly associated with 30-day readmission than a measure of ADL function. Findings also show potential for the use of walking thresholds to support clinical decision making for targeting the delivery of interventions designed to prevent rehospitalizations.
ADL deficits are associated with a number of negative outcomes in older adults. 25, 26 It is a well-understood construct, and the items are relatively easy to administer. However, time constraints dictate that hospital-based assessments of ADL function usually rely on self-report or staff estimates of performance.
In subanalyses, we found that patients identified with mobilityrelated ADL disability walked less than patients without mobility disability. It could be that accelerometry-derived walking measures simply provide a higher resolution for discriminating among patients known to be more vulnerable to the effects of acute illness and hospitalization. There is also some evidence that objective measures of physical performance may provide more meaningful information than self-report. 8, 9 Identifying clinically useful measures to help predict hospital readmission has proven to be a difficult task. Previous research established several risk factors associated with readmission. These include type and severity of illness, age, comorbidities, social support, discharge location, and adverse events related to specific drugs and polypharmacy. 7 There are also unknown risk factors or risk factors that are suspected but difficult to measure. One example might be motivation of the patient to recover. Another might be individual tolerance for discomfort in the recovery process. A walking activity measure may mediate the relationship of some currently known risk factors and also some unknown or difficult to measure risk factors. This could improve the power of predictive readmission models. The final product would be a model with greater discrimination and perhaps fewer data elements.
In addition to step activity as a global marker of health status, this research suggests there are therapeutic levels of mobility in hospital that appear to be correlated with readmission risk. The 475 steps value identified via the closest to (0,1) and Youden index methods (balanced sensitivity and specificity) could be considered a preliminary clinical threshold of minimal walking activity in hospital for this outcome. Early mobilization, physical therapy, walking programs, and other approaches may improve mobility in older patients and potentially reduce rehospitalizations. Previously, it has been shown that older ambulatory patients who have the capacity to walk do not necessarily do so when hospitalized. 27 As a screening tool, the lower threshold, higher specificity value holds promise to rule out patients at decreased risk for readmission. An even lower threshold value would result in higher specificity but at the expense of increasing the proportion of falsenegative classifications (ie, those patients who walked more than the threshold but were readmitted). In the hospital, 275 steps is equivalent to just a few trips to and from the bathroom 10 or approximately 5 minutes of slow walking, an amount that could potentially be estimated in the absence of accelerometry-derived step counts. Healthy older adults in the community average between 4000 and 8000 steps per day. 28 Although the development of actionable thresholds for measures such as walking activity are important for their use in clinical decision making, further study with larger samples is needed to validate and refine walking thresholds for this outcome.
Study limitations
The primary limitations of this study were the relatively small sample size for this outcome, the subject selection procedures, and the methods for identifying readmissions. To account for the relatively low number of responses (ie, readmissions) and potential for overparameterization in multivariate logistic regression models, we first took a parsimonious approach with the primary independent variables adjusting only for age and sex. The predictive accuracy of the fully adjusted models followed the same pattern for steps and ADLs as the parsimonious models. Our selection procedures for this sample were also potentially biased toward higher-functioning patients. Patients who were too ill to be approached on the day of admission would not have been enrolled. Cognitively impaired patients were also excluded from the study. As sensor technology expands into the clinical environment, its incorporation into the hospital admission process will be able to capture this kind of information for all patients. Obtaining accelerometry-derived activity information immediately preceding the admission would of course aid in determining the independent effect of hospitalization on activity level, but the nature of acute care admissions makes that impractical. However, the pathophysiologic effects of low mobility during acute illness occur regardless of the reason for not ambulating. Lastly, we only registered admissions back to the index hospital. Readmission to a different hospital was not counted. It is possible our study underestimated the number of readmissions associated with the total sample. However, the association of step versus ADL function to readmission should not have been affected by the potential underestimation.
Conclusions
Advances in the field of body-worn motion sensors represent a new frontier for patient assessment and prospective interventions in the acute setting. The application of continuous activity monitoring also represents a movement away from the reliance on discrete clinical measures to inform clinical decision making and toward the use of integrated technologies that better reflect the functioning of the whole person. The potential to extend patient monitoring into the postdischarge environment 29 has implications for new models of hospital reimbursement based on expected costs for entire clinically defined episodes of care. 30 These technologies would likely be used in combination with self-reported or observation-based measures of physical functioning. Further study is needed to replicate these findings and to explore ways to effectively integrate the use of activity monitoring devices into 21st century patient care. 
